Summary Serum sclerostin levels are associated with cortical porosity, suggesting that changes in sclerostin production during growth may play a role in defining cortical structure. Introduction Sclerostin, produced by osteocytes, is a potent inhibitor of Wnt signaling and bone formation. While sclerostin levels increase with age in adults and are higher in men compared to women, there is currently no information on changes in circulating sclerostin levels during growth in humans. Methods We measured serum sclerostin levels in 6-to 21-year-old girls (n=62) and boys (n=56) and related these to trabecular and cortical bone microarchitectural parameters using high-resolution peripheral quantitative computed tomography and to markers of bone turnover.
Introduction
The Wnt/β-catenin pathway is a major regulator of bone mass. Increased bone formation through this pathway results from both the expansion of osteoprogenitor cells as well as reduced apoptosis of mature osteoblasts [1, 2] . The effects of Wnt ligands on this pathway are mediated by binding to a seven-transmembrane domain-spanning frizzled receptor and either of two co-receptors, low-density lipoprotein receptor-related protein 5 (LRP5) or 6 (LRP6) [1, 2] . Sclerostin secreted by osteocytes is a potent antagonist of the Wnt/β-catenin pathway and acts by binding to LRP5 and LRP6 [1, [3] [4] [5] [6] .
Data from both humans and animals clearly illustrate the biological importance of sclerostin as a negative regulator of bone mass. Loss of function mutations in the sost gene or in its regulatory elements causes two rare human genetic disorders, sclerosteosis [7, 8] and van Buchem disease [9, 10] that result in high bone mass. Sost knockout mice also have high bone mass and increased rates of bone formation [11] . A neutralizing antibody to sclerostin has recently shown to increase bone formation and to also reduce bone resorption both in mice [12] and humans [13] . While the increase in bone formation is likely due to the activation of Wnt signaling [1, [3] [4] [5] [6] , the mechanism(s) for the decrease in bone resorption induced by the sclerostin antibody remains unclear but may be due, at least in part, to increased osteoprotegerin production as a result of the activation of Wnt signaling [14] .
We have recently described age-related changes in circulating sclerostin levels in adult men and women [15] . We observed that serum sclerostin levels increase with age in both sexes, with men having significantly higher sclerostin levels compared to women. However, there is currently no information regarding changes in circulating sclerostin levels during pubertal growth in humans. Since puberty is a time when 25-50% of adult bone mass is accrued [16] , it is clearly important to understand the possible role of sclerostin in the regulation of bone mass during this critical period for skeletal development.
We previously defined changes in bone microarchitecture at the distal radius in growing children aged 6 to 21 years using non-invasive high-resolution peripheral quantitative computed tomography (HRpQCT) [17] . Compared to pre-puberty, trabecular parameters (bone volume fraction, BV/TV; trabecular number, TbN, and thickness, TbTh) did not change in girls, but increased in boys from late puberty onwards. Cortical thickness (CtTh) and volumetric bone mineral density (vBMD) decreased from pre-to mid-puberty in girls, but were unchanged in boys, before rising to higher levels at the end of puberty in both sexes. Interestingly, apparent cortical porosity increased transiently during mid-to late puberty in both sexes, mirroring the age of peak distal forearm fracture risk in prior studies [18] [19] [20] [21] and suggesting that regional deficits in cortical bone may underlie the adolescent peak in forearm fractures. In the present study, we used this well-characterized cohort to define changes in circulating sclerostin levels during pubertal growth and to correlate sclerostin levels with bone microarchitecture, bone turnover markers, and serum hormone levels during this phase of growth.
Study subjects and methods

Study subjects
The study was approved by the Mayo Clinic Institutional Review Board. Informed written consent was obtained from all subjects >12 years of age and from a parent for all subjects <18 years of age. Details regarding recruitment of the study subjects and changes in bone structural parameters during growth have previously been published [17] . Briefly, we recruited 140 healthy girls and boys (n=70 for each sex) with a chronological age of 6 to 21 years (bone age, 4 to 21 years; see below) without a prior history of fracture. Reflecting the ethnic composition of the population of Rochester, MN, all but six subjects were white: four girls were black, one girl was white/Asian, and one boy was Asian. None of the subjects had a chronic illness or dietary restrictions. No one was receiving supplements of calcium >1,000 mg/day or vitamin D >200 IU/day. No subject had ever used sodium fluoride, calcitonin, bisphosphonates, antiepileptic drugs, or had a history of oral steroid use for >7 days. None of the girls had a history of oral contraceptive use. Skeletal maturity was assessed using plain hand and wrist X-rays, and subjects were divided into groups based on bone age using the Tanner-Whitehouse III method [22] although subjects who had completed skeletal maturation (bone age >15 years for girls and >16.5 years for boys) were classified according to chronological age. Data on 13 subjects were excluded because of motion artifact in the HRpQCT scans; of the remainder, serum sclerostin levels were available in 62 girls and 56 boys, and the present analysis was done on these 118 subjects.
HRpQCT measurements
Measurements were obtained from the nondominant wrist on all subjects using the XtremeCT system (Scanco Medical, Brüttisellen, Switzerland), as previously described [17] . Using a scout view, a reference line was set at the proximal limit of the epiphyseal growth plate. For subjects whose epiphyseal plates had fused, the remnant of the plate was still visible to set the reference line. The scan was performed on a segment spanning 9.02 mm, starting 1 mm proximal to the reference line, thereby ensuring that, despite differences in arm length, all subjects had the scans performed as close to the identical anatomic site as possible; this is also the site where adolescent fractures most commonly occur [16, 19, 20] . Data were obtained using a 3D stack of 110 high-resolution CT slices with an isotropic voxel size and slice thickness of 82 μm, using an effective energy of 40 keV, a field of view of 125.9 mm, and an image matrix of 1,536×1,536 pixels. The radiation exposure to the subjects was minimal (local absorbed dose, 0.065 cGy; total radiation exposure, <0.01 mSv). BV/TV (percent) was derived from trabecular vBMD, assuming a mineral density of fully mineralized bone of 1.2 g hydroxyapatite/cm 3 . Recognizing that individual trabeculae would not be resolved at their correct thickness (~100 μm) because of partial volume effects, a thicknessindependent structure extraction was used to identify 3D ridges (center points of the trabeculae) [23] ; TbN (per millimeter) was taken as the inverse of the mean spacing of the ridges [24] . Analogous with standard histomorphometry [25] , TbTh (micrometers) was calculated using the formula, TbTh=BV/TV÷TbN, and trabecular spacing (TbSp, micrometers) was calculated as TbSp=(1−BV/TV)÷TbN. While HRpQCT does not provide the same resolution as μCT, validation studies have shown excellent correlation (R≥0.96) for these parameters measured by HRpQCT as compared with the gold standard ex vivo μCT technique [26] . For the cortical measures, the cortex was segmented from the grayscale image with a Gaussian filter and threshold [24] . Cortical vBMD and area were measured directly, and the periosteal circumference was calculated from the contour. CtTh (micrometers) was derived using the following formula: CtTh=area/circumference. Again, excellent correlation (R=0.98) has been shown for CtTh measurements with HRpQCT versus μCT [27] . The automatically generated cortical mask was applied to the whole bone structure to obtain the cortical bone, followed by an inversion resulting in a negative image, including only the "cortical pores." The cortical porosity index was defined as the ratio of cortical pore volume to cortical bone volume. Contours were defined automatically using the manufacturer's approach. From these contours, we peeled off two voxels (164 um) at the endocortical surface so as not to include trabecular compartments in the porosity analysis. Due to the relatively low resolution of HRpQCT as compared to μCT, we did not analyze the shapes of the cortical pores as these will be resolution-dependent and would require a validation study. On the other hand, cortical porosity describes a statistical measure of inverse pore density which is much less affected by resolution and can be assessed also in lower resolution images.
Hormone and bone turnover measurements Serum sclerostin levels were measured using a validated enzyme-linked immunosorbent assay (ELISA, Biomedica, Vienna, Austria; interassay CV, <7%) [15, [28] [29] [30] . A serum bone formation marker, amino-terminal propeptide of type I collagen (PINP), and a serum bone resorption marker, C-terminal telopeptide of type I collagen (CTX), were measured using ELISAs (Immunodiagnostic Systems, Fountain Hills, AZ, for PINP [intra-assay CV, <10%] and Nordic Biosciences, Herlev, Denmark, for CTX [CV, <8%]). IGF-1 (CV, <7%) and IGFBP-3 (CV, 3%) were measured by radioimmunoassay (Diagnostic Systems Laboratories, Webster, TX). PTH was measured by automated immunometric assay (Diagnostic Products Corp., Los Angeles, CA; CV, 7%), and 25-hydroxyvitamin-D (25-OHD), total estradiol (E 2 ), and testosterone (T) (intra-assay CVs, <8%) were measured using tandem mass spectroscopy (API 5000, Applied Biosystems-MDS Sciex, Foster City, CA). Details regarding the mass spectroscopy measurements have been previously described [31] .
Statistical analysis
Serum sclerostin levels and bone structural parameters were summarized using medians and interquartile ranges (IQRs). Comparisons between the girls and boys were made using the Wilcoxon rank-sum test. The relationship between bone age and serum sclerostin levels was explored using a loess smoothing function. Linear regression models were used to establish the point at which the relationship between bone age and serum sclerostin changed, i.e., the split point. The split point was chosen such that it maximized the model R 2 value. Unadjusted and bone age-adjusted Spearman correlations were used to describe the relationships between serum sclerostin levels and bone structural variables, bone turnover markers, and hormone measurements. A p<0.05 was considered significant. Analyses were performed using SAS version 9.2 (SAS Institute Inc., Cary, NC) and R (R Foundation for Statistical Computing, Vienna, Austria).
Results
Serum sclerostin levels were significantly higher in boys as compared to girls (Fig. 1) . In exploratory analyses, the relationship between sclerostin levels and bone age was found to be non-linear. Specifically, there appeared to be a split point in this relationship (see "Study subjects and methods" section) in girls at a bone age of 10 years ( Fig. 2a) and in boys at a bone age of 14 years (Fig. 2b) . Table 1 sclerostin levels and bone age in the girls and boys based on these split points. For both sexes, sclerostin levels were positively associated with bone age below the respective split points and negatively associated with bone age above the split points. Since we have previously described in detail the changes in the bone structural parameters as a function of age in these subjects [17] , Table 2 summarizes the bone structural parameters used in the subsequent analyses in all subjects combined as well as in the girls and boys separately, based on the split points as defined above. We next examined the relationship between serum sclerostin levels and the bone structural parameters in the girls and boys. For this analysis, we looked at correlations in all subjects combined and then at the correlations after separating the girls and boys based on the split points defined above in order to define which sub-group may be driving the observed correlations. As shown in Table 3 , in all girls combined, cortical vBMD and CtTh were inversely associated with serum sclerostin, and the cortical porosity index was positively associated with serum sclerostin, unadjusted and following adjustment for bone age. Moreover, these correlations were driven by the associations in the girls aged 10-21 years, when serum sclerostin levels were declining (Fig. 2a) . Similar associations between cortical vBMD and CtTh in the older boys did not remain after age adjustment, and, overall, cortical vBMD and CtTh were not associated with sclerostin levels in the boys. However, as seen in the girls, the cortical porosity index was positively associated with sclerostin levels, unadjusted and following adjustment for bone age (Table 3) . Again, this relationship was driven principally by the boys aged 14-21 years, when sclerostin levels were declining (Fig. 2b) . By contrast, in all subjects combined, trabecular structural parameters did not show any clear associations with serum sclerostin levels in either sex. However, TbN (positive) and TbSp (negative) were associated with sclerostin levels in the older girls, and BV/TV and TbTh were both positively associated with sclerostin levels in the younger boys. Further adjustment of the association of serum sclerostin levels with the bone structural parameters for body weight did not significantly alter any of the correlation coefficients (data not shown).
We have previously described the changes in bone turnover markers and hormonal variables in this cohort [17] , and Table 4 shows the analogous correlation coefficients between serum sclerostin levels and these parameters. In both sexes, bone turnover markers (PINP and CTX) were positively associated with sclerostin levels in unadjusted and bone ageadjusted analyses. In the girls, these associations were driven principally by girls in the 10-to 21-year bone age group, but in the boys, the younger and older boys tended to show similar associations. In the boys, but not the girls, serum sclerostin levels were also positively associated with serum IGF-I and IGFBP-3 levels in unadjusted and bone ageadjusted analyses. Serum E 2 levels were inversely associated with sclerostin levels in all girls combined as well as in the older girls, but these associations were no longer present following adjustment for bone age.
Discussion
In this study examining sclerostin levels during growth, we found that, similar to our recent findings in adults [15] , Table 1 for correlation coefficients based on the split point analysis serum sclerostin levels are higher in boys as compared to those in girls. Thus, the gender difference in sclerostin levels appears to be established during puberty. We have also shown previously that estrogen, but not testosterone, reduces circulating sclerostin levels in adults [29] ; thus, it is plausible that the higher estrogen levels present in girls following the onset of puberty lead to their lower sclerostin levels that persist during adult life. Consistent with this, we did observe an inverse association between serum sclerostin and E 2 levels in the all girls combined as well as in the older girls, but these associations were no longer present following adjustment for bone age. Overall, our study was well powered, as with the sample size of this analysis, we would have had 90% power to detect a difference of 1.8 pmol/L or greater in sclerostin levels between sexes and a correlation of 0.41 or higher with age. Our analysis also demonstrated that between the chronological ages of 6 and 21 years (bone ages of 4 to 21 years), the relationship of serum sclerostin levels with bone age was not linear, but rather was best described by a split point. This split point occurred earlier in girls (bone age, 10 years) than in boys (bone age, 14 years), perhaps related to the earlier onset of puberty in girls. Subsequent to the age of the split point, serum sclerostin levels declined as a function of bone age in both sexes. The possible explanation for a split point for the relationship of serum sclerostin levels with age in both sexes is unclear, but may be related to hormonal factors (e.g., sex steroids) with the onset of puberty that cause sclerostin levels to decline later in puberty. In addition, we have previously shown that, starting around age of 20 years, serum sclerostin levels increase over life in both sexes [15] . Combining these previous findings with the results of the current study, it would appear that serum sclerostin levels peak early in life (~age 10 years in girls and 14 years in boys), decline during the later stages of puberty towards a nadir at the end of puberty, and then increase over the remainder of adult life.
In assessing the relationship of serum sclerostin levels to bone microarchitectural parameters using HRpQCT, we did not observe a consistent relationship between sclerostin levels and trabecular bone parameters in either sex. However, we did find that serum sclerostin levels were Data (median, IQR) are shown for all subjects combined, as well as separated based on the split points for the relationships between bone age and serum sclerostin levels in the girls and boys inversely associated with cortical vBMD and CtTh in girls and positively associated with apparent cortical porosity in both girls and boys. These findings raise the possibility that, during growth, changes in sclerostin production regulate cortical structure. Since we have previously demonstrated in this cohort that the cortical porosity index also peaks around the age when the incidence of distal forearm fractures is maximal [17] , further studies testing ) for unadjusted/bone age-adjusted relationships of serum sclerostin levels with bone turnover markers and hormonal variables in the girls and boys whether sclerostin levels are higher in children with adolescent forearm fractures as compared to non-fracture controls are warranted. In addition, the role of changes in sclerostin production during growth in defining the ultimate porosity and strength of cortical bone needs further investigation. Moreover, the mechanism for the transient increase in cortical porosity in both sexes during maximal growth remains unclear. For example, during growth, concomitant periosteal bone formation and endocortical bone resorption may lead to some trabecularization of endocortical bone, contributing to the observed increase in cortical porosity. It is also possible that adolescents with larger increases in cortical porosity during growth have an increased risk of forearm fractures, although further studies are needed to address this issue. We also found that in both sexes, bone turnover markers were positively correlated with serum sclerostin levels. This differs from our recent findings in adults [15] , where serum sclerostin levels were inversely associated with bone turnover markers, at least in women. Whether the observed association in children reflects a role for sclerostin in regulating bone turnover or is a secondary response to the changes in bone turnover remains to be determined.
Given that sclerostin is produced almost exclusively by osteocytes [1, 3, 5, 6] , changes in circulating sclerostin levels, which we recently found to be significantly correlated with bone marrow plasma sclerostin levels [32] , should reflect changes in skeletal sclerostin production. However, we cannot exclude the possibility that altered clearance or metabolism of sclerostin during growth is contributing to the changes we observed. In addition, we acknowledge that our study was cross sectional, and the associations observed here need to be replicated in a longitudinal study for further validation. We also recognize several limitations of our cortical porosity analysis. First, while recent work by Burghardt et al. [33] has indicated the need for a manual review of bone contours in assessing cortical porosity, we relied on our cortical porosity analysis [17] done prior to the paper of Burghardt et al. [33] ; thus, our analysis followed the approach of the manufacturer to segment the cortex without any corrections. Second, although we recognize that during certain growth phases cortical trabecularization happens at the endocortical surface, the resolution of HRpQCT did not allow us to distinguish cortical trabecularization from "regular" trabecular bone.
In summary, the gender difference in serum sclerostin levels appears to be established during puberty, and sclerostin levels tend to decline in late puberty in girls and in boys. Serum sclerostin levels are associated with cortical porosity, suggesting that changes in sclerostin production during growth may play a role in defining cortical structure.
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